1. Introduction {#sec1-polymers-12-01488}
===============

Thiosemicarbazones (TSCs) and their metal complexes are versatile molecules with a wide spectrum of antimicrobial, antitrypanosomal, antitumor, antimalarial, and antiviral activities and have been studied intensely in pharmaceutical and medicinal chemistry \[[@B1-polymers-12-01488],[@B2-polymers-12-01488],[@B3-polymers-12-01488],[@B4-polymers-12-01488],[@B5-polymers-12-01488],[@B6-polymers-12-01488],[@B7-polymers-12-01488],[@B8-polymers-12-01488],[@B9-polymers-12-01488],[@B10-polymers-12-01488],[@B11-polymers-12-01488],[@B12-polymers-12-01488],[@B13-polymers-12-01488]\]. TSCs are able to block the genetic expression of wide variety of viruses \[[@B11-polymers-12-01488],[@B13-polymers-12-01488]\], including the herpes simplex virus \[[@B14-polymers-12-01488],[@B15-polymers-12-01488],[@B16-polymers-12-01488],[@B17-polymers-12-01488],[@B18-polymers-12-01488],[@B19-polymers-12-01488],[@B20-polymers-12-01488],[@B21-polymers-12-01488]\]. This virus affects the external genitalia, anal region, mucosal surfaces, and skin in other parts of the body, and external treatment is possible. This brought us to the idea to incorporate a TSC into fibrous mats to be used for treating herpes simplex infections. Very beneficial for the use of TSC in medicine is the comparably simple and modular synthesis from thiosemicarbazides and aldehydes or ketones ([Scheme 1](#polymers-12-01488-sch001){ref-type="scheme"}) allowing a plethora of structural variations.

2-Acetyl-pyridine thiosemicarbazones have been studied since the 1960s for their interesting biological activities, and they stood also at the cradle when TSC were first investigated against herpes simplex viral infections \[[@B18-polymers-12-01488],[@B19-polymers-12-01488],[@B20-polymers-12-01488],[@B21-polymers-12-01488]\]. Therefore, we decided to study the new TSC *N*4-(S)-1-phenylethyl)-2-(pyridin-2-yl-ethylidene)hydrazine-1-carbothioamide (HapyTSCmB), which complies with the 2-acetyl-pyridine structural motif and contains the chiral methyl-benzyl amine end group.

Drug solubility and bioavailability are the serious challenges in the field of pharmaceuticals formulation \[[@B22-polymers-12-01488],[@B23-polymers-12-01488],[@B24-polymers-12-01488],[@B25-polymers-12-01488],[@B26-polymers-12-01488]\]. Especially for hydrophobic drugs, solubility improvement is the key issue in the development of formulations \[[@B23-polymers-12-01488]\]. Several solubility improvement methods such as solid dispersion, complexation, lipid-based systems, micronization, nanonization, and co-crystallization have been reported for improving the solubility and bioavailability of poorly water-soluble drugs \[[@B27-polymers-12-01488]\]. Among them, the solid dispersion is the most widely used method in formulation development \[[@B26-polymers-12-01488]\]. The electrospinning method represents a combination of solid dispersion technology and nanotechnology. In this method, solid fibers in the micro- or nanometer range are produced from a polymeric fluid stream or melt delivered through a millimeter-scale nozzle \[[@B22-polymers-12-01488],[@B23-polymers-12-01488],[@B24-polymers-12-01488],[@B25-polymers-12-01488],[@B26-polymers-12-01488],[@B27-polymers-12-01488],[@B28-polymers-12-01488],[@B29-polymers-12-01488],[@B30-polymers-12-01488]\]. In the pharmaceutical field, electrospinning has recently gained high interest for the production of drug delivery systems based on nanofibers \[[@B31-polymers-12-01488],[@B32-polymers-12-01488],[@B33-polymers-12-01488],[@B34-polymers-12-01488],[@B35-polymers-12-01488]\]. There are different approaches for loading drugs in electrospun fibers to obtain a controlled drug delivery system. These include the following: (1) blending of the drug in the electrospinning polymer solution; (2) adsorption of drug molecules on the surface of electrospun fibers through physical interactions; (3) emulsion electrospinning, and (4) co-axial electrospinning \[[@B32-polymers-12-01488],[@B36-polymers-12-01488],[@B37-polymers-12-01488],[@B38-polymers-12-01488]\]. The blending of drugs with the appropriate polymeric solution remains the most predominant method and is simple compared to others, but some requirements should be met in order to gain the desired results \[[@B36-polymers-12-01488],[@B37-polymers-12-01488],[@B38-polymers-12-01488]\]. e.g., in the case of insufficient solubility of the drug in the polymer solution, phase separation can lead to the agglomeration of drug molecules on the surface of the fiber and lead to unwanted burst release \[[@B39-polymers-12-01488],[@B40-polymers-12-01488],[@B41-polymers-12-01488],[@B42-polymers-12-01488],[@B43-polymers-12-01488],[@B44-polymers-12-01488]\]. Therefore, a good match of hydrophilic and hydrophobic properties between drugs and polymers is very important for blending electrospinning \[[@B36-polymers-12-01488],[@B37-polymers-12-01488],[@B38-polymers-12-01488],[@B39-polymers-12-01488],[@B40-polymers-12-01488],[@B41-polymers-12-01488],[@B42-polymers-12-01488],[@B43-polymers-12-01488],[@B44-polymers-12-01488],[@B45-polymers-12-01488]\]. e.g., polyvinyl pyrrolidone (PVP) nanofibers have been reported to improve the solubility of some hydrophobic drugs \[[@B46-polymers-12-01488]\]. Polyvinyl alcohol (PVA) is a synthetic semi-crystalline hydrophilic polymer \[[@B47-polymers-12-01488],[@B48-polymers-12-01488]\] that has already been explored for drug delivery applications due to its solubility in water. PVA is biodegradable and biocompatible, and water-soluble electrospun fibers can be formed from an aqueous solution \[[@B49-polymers-12-01488],[@B50-polymers-12-01488],[@B51-polymers-12-01488],[@B52-polymers-12-01488]\].

The drug release behavior is highly dependent on the distribution of the drug molecules in the nanofibers as well as on the morphology of the nanofibers. For achieving perfect encapsulation, polymers should ideally be chosen for perfect compatibility/miscibility with the hydrophilic or lipophilic drugs. However, recent studies have shown that coaxial electrospinning allows also the manufacturing of core--shell nanofibers with homogeneously dispersed drugs of drug/polymer combinations with low compatibility/miscibility \[[@B45-polymers-12-01488],[@B46-polymers-12-01488],[@B53-polymers-12-01488],[@B54-polymers-12-01488],[@B55-polymers-12-01488],[@B56-polymers-12-01488],[@B57-polymers-12-01488]\]. Another big advantage of this technique is that the shell provides protection to the core-loaded drugs through shielding it against the external environment. Thus, slow removal of the shell allows the sustained release of drugs even if they are quite sensitive or unstable in a biological surrounding.

In this study, we used a coaxial electrospinning setup for producing core--shell PVA/TSC-PVA and monolithic PVA/TSC fiber mats for releasing the poorly water soluble and hydrolysis-sensitive pyridine based TSC *N*4-(S)-1-phenylethyl)-2-(pyridin-2-yl-ethylidene)hydrazine-1-carbothioamide (HapyTSCmB, [Scheme 1](#polymers-12-01488-sch001){ref-type="scheme"}). Insufficient solubility of the quite hydrophobic drug in the hydrophilic PVA polymer solution might result in a phase separation leading to the agglomeration of drug molecules on the surface of the fiber with a direct contact of the biomolecule with the external environment. Therefore, the monolithic PVA/TSC fibers might either contain the TSC molecules homogeneously distributed in the PVA polymer, or the TSC might be segregated close to the surface of the fibers. In contrast to this, the core--shell approach for the preparation of PVA/TSC-PVA fibers proposes to shield the drug-containing core against rapid chemical or biological decomposition/degradation and also stabilizes mechanically the fragile core. The effect of the TSC content on the morphology of these two different fibers and the release properties were investigated in detail.

2. Materials and Methods {#sec2-polymers-12-01488}
========================

2.1. Materials {#sec2dot1-polymers-12-01488}
--------------

Polyvinyl alcohol (PVA) (*M*~w~ 146,000--186,000, 99% hydrolyzed, Merck Co., Darmstadt, Germany), dimethyl sulfoxide (DMSO-d~6~, Sigma-Aldrich, Taufkirchen, Germany), and phosphate-buffered saline (PBS) (Fisher Scientific, city, Germany) were purchased and used without further purification. First, 4 g of *N*4-(*S*)-1-phenylethyl)-2-(pyridin-2-yl-ethylidene)hydrazine-1-carbothioamide (HapyTSCmB) was synthesized from 1-(pyridin-2-yl)ethan-1-one and (*S*)-*N*4-(1-phenylethyl)hydrazinecarbothioamide (thiosemicarbazide) in a process derived from an established ultra-sonic assisted condensation method by Carradori et al. \[[@B11-polymers-12-01488]\] ([Scheme 1](#polymers-12-01488-sch001){ref-type="scheme"}) in 74% yield. Elemental analysis calculated for C~16~H~18~N~4~S (298.41 g/mol): C 64.40, H 6.08, N 18.77, S 10.75%; found: C 64.27, H 6.05, N 18.68 S 10.70%. ^1^H NMR (DMSO-d~6~, 300 MHz) *δ* \[ppm\] = 10.41 (s, 1H, NH9), 8.70 (d, 1H, *J* = 8.8 Hz, NH7), 8.59 (d, 1H, *J* = 4.7 Hz, H15), 7.84 (t, 1H, *J* = 8.6 Hz, H13), 7.32--7.44 (m, 5H, H3, H4, H5), 7.24 (t, 1H, *J* = 7.2 Hz, H14), 5.76 (quint, 1H, *J* = 7.0 Hz, H1), 2.41 (s, 3H, H16), 1.58 (d, 3H, *J* = 7.0 Hz, H6), (for numbering see [Scheme 1](#polymers-12-01488-sch001){ref-type="scheme"}). EI-MS(+) m/z = 299 \[M+H\]^+^.

2.2. Characterization of the Polymer Solutions {#sec2dot2-polymers-12-01488}
----------------------------------------------

The rheological performance of the PVA and PVA/TSC solutions (PVA, PVA/TSC5%, and PVA/TSC10%) in water--ethanol (9:1) was studied using a rheometer AR-G2 (TA instruments, Newcastle, DE, USA) with a parallel plate setup (20 mm diameter) at 25 °C and shear rates up to 500 s^−1^. A Mettler Toledo FiveGo conductivity meter (Mettler Toledo, Gießen, Germany) was used to study the electrical conductivity of the above polymer solutions. The conductivity of each polymer solution sample was measured for at least 10 runs and reported as average conductivity (µS/cm).

2.3. Fabrication of TSC-Loaded Monolithic and Core--Shell PVA Fibers {#sec2dot3-polymers-12-01488}
--------------------------------------------------------------------

The loading of HapyTSCmB into the PVA fibers was carried out using two different electrospinning procedures ([Scheme 2](#polymers-12-01488-sch002){ref-type="scheme"}). Using a coaxial electrospinning setup device allowed adding the TSC to the PVA core of the fibers, which is surrounded by a PVA shell (Method I; PVA/TSC10-PVA). The same setup was used to produce monolithic PVA (Method II; PVA/TSC5). The process parameters are summarized in [Table 1](#polymers-12-01488-t001){ref-type="table"}.

Prior to the fabrication of the fibers, we performed a series of preliminary tests varying polymer concentration, flow rate, and applied voltage to optimize the parameters for ensuring a stable electrospinning jet. According to this, polymer solutions (8 wt% based on the final solid content) for core and shell were prepared by dissolving (1.6 g) PVA polymer in 18.89 mL water--ethanol solution (9:1) under stirring (750 rpm) on a hot plate for at least 24 h at 50--55 °C. HapyTSCmB (0, 5, and 10 wt% relative to PVA) was added to the polymer solutions. A needle with a gauge of 14 (OD 2.00 mm) was used for the shell spinneret, and a smaller needle (gauge 22, OD 0.70 mm) was used for the core spinneret for the core--shell fibers. The polymer solutions were delivered to the spinnerets by two syringe pumps (LA-100, Landgraf Laborsysteme, Langenhagen, Germany) at feeding rates of 0.3 mL/h. The fibers were collected on an Al foil placed at a distance of 15 cm from the needle tip. The electrospinning process was performed at an applied voltage of 13 kV supplied by a DC high-voltage power supply (FuG Elektronik GmbH, Schechen, Germany).

2.4. Characterization of the Fibers {#sec2dot4-polymers-12-01488}
-----------------------------------

The surface morphology of the electrospun monolithic PVA and PVA/TSC5 and the core--shell PVATSC10-PVA fibers was characterized using scanning electron microscope (SEM) (Zeiss Neon40 CrossBeam, Zeiss, Oberkochen, Germany). The samples were directly attached on the sample holder with no coating pre-treatment. The average diameter of each sample was determined using the Digimizer 4.1.1.0 software with at least 100 measurements performed for each electrospun fiber. The characterization of the core--shell structure of the fibers was attempted using transmission electron microscopy (TEM) (LEO 912 Omega, Zeiss, Oberkochen, Germany) operated at 120 kV with zero loss conditions. The samples for TEM were prepared by collecting the nanofibers on carbon-coated copper grids. The thermal behavior of the fibers was studied using thermogravimetry/differential thermal analysis (STA 1500, Bähr Thermoanalyse GmbH, Hüllhorst, Germany) in the range of 30 to 600 °C at a heating rate of 10 °C/min under N~2~ atmosphere, while the thermal stability of the TSC was studied using a TGA/DSC1 (Mettler Toledo, Gießen, Germany) instrument under the same conditions. Nuclear magnetic resonance (NMR) spectroscopy on pieces of the fiber mats dissolved in DMSO-d~6~ were recorded at room temperature on a Bruker Avance II AV300 (300 MHz), using a triple resonance ^1^H, ^n^BB inverse probe head (Bruker, Karlsruhe, Germany). Fourier-transform infrared (FTIR) spectra were recorded in the range of 4000 to 500 cm^−1^ using in a PerkinElmer Spectrum 400 instrument (PerkinElmer, Rodgau, Germany) in attenuated total reflection (ATR) mode. Samples were directly placed into the device with no pre-treatment and recorded with 4 scans and a resolution of 4 cm^−1^ at room temperature (20 °C). The absorption spectra were normalized based on CH~2~ bending vibration (1427 cm^−1^) \[[@B58-polymers-12-01488]\].

2.5. In Vitro Release {#sec2dot5-polymers-12-01488}
---------------------

A UV-vis spectrophotometer (Varian Cary, 50 Scan, Varian, Darmstadt, Germany) was used to study the TSC release from the monolithic PVA/TSC5 and from the core--shell PVA/TSC10-PVA fibers. First, 1 mg of each dried mat was soaked in a glass bottle with phosphate buffer solution (PBS = 10 mL, pH = 7.4). The bottle was tightly capped and immersed in a shaking incubator bath at 37 °C at 100 rpm. At each predetermined interval (10, 20, 30, 40, 60, 120, and 240 min), a 4 mL sample was collected, and an equal volume of buffer was added to retain the initial volume. The absorbance of HapyTSCmB in the medium was determined at a wavelength of 260 nm, and the released TSC amount was determined from a calibration curve of pure TSC in PBS at concentrations ranging from 0.023 to 0.75 µg mL^−1^. The averaged results of three measurements were recorded for each mat sample. The cumulative release percentage of TSC was determined as (*m*~t~/*m*~0~ × 100), in which *m~t~* is the mass of TSC released up to the time *t*, and *m~0~* is the initial amount of the loaded TSC. The release kinetics of HapyTSCmB from the PVA electrospun mats were studied by fitting the experimental release data to mathematical drug release models such as zero-order, first-order, Higuchi, and Korsmeyer--Peppas.

2.6. In Vitro Antibacterial Assay {#sec2dot6-polymers-12-01488}
---------------------------------

The minimal inhibitory concentration (MIC) of the TSC was examined by preparing different concentrations (6.25, 12.5, 25.0, 50.0, and 100 μg/mL) by serial dilution of the prepared stock solution. First, 1 mg of TSC was dissolved in 100 μL DMSO for preparing the stock solution \[[@B59-polymers-12-01488]\]. The in vitro antibacterial activity of the TSC against the Gram-positive bacterium *Staphylococcus aureus* (ATCC 6538) was studied using the agar well diffusion method \[[@B60-polymers-12-01488]\]. The surface of preloaded Petri dishes containing Mueller--Hinton agar was seeded with bacterial suspensions (equivalent to 0.5 McFarland standard, 1.5 × 10^8^ CFU/mL), using a sterile cotton swab. After that, wells with 6 mm diameter were created by punching a stainless steel cylinder onto the agar plates and removing the agar to form a well. Finally, 70 mL aliquots of each prepared sample were placed individually in the well. The minimal inhibitory concentrations (MIC, μg/mL) were recorded as the lowest concentration of TSC in the medium that showed no microbial growth by visual observation. The DMSO-wetted disk was used as control and run simultaneously.

2.7. In Vitro Cytotoxicity {#sec2dot7-polymers-12-01488}
--------------------------

***Cell culture.*** Human fibroblast cells were obtained from the cell bank of the Stem Cell Research Center (Tehran, Iran). The cells were cultured in complete DMEM (Dulbecco's Modified Eagle medium) supplemented with 10% FBS (Fetal Bovine Serum), 100 units/mL penicillin, and 100 mg/mL streptomycin and incubated at 37 °C in humidified atmosphere containing 5% CO~2~.

***MTT assay.*** Fibroblast cells were seeded in 96-well plates at a density of 3 × 10^3^ cells/well and incubated overnight for 24 h. After that, they were treated with varying amounts of HapyTSCmB (12.5--50 μg/mL). After 48 h, the cell viability was measured using the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2*H*-tetrazoliumbromide (MTT) assay. Briefly, 20 µL of MTT (5 mg/mL) reagent was added to each well and incubated for 4 h. Then, the supernatant was removed, and the furmazan crystals were dissolved in 100 µL of DMSO. The absorbance was recoded at 570 nm using a multi-plate reader (Epoch, Biotek, Vinooski, VR, USA). The cell viability was calculated by dividing the absorbance of treated cells into the absorbance of the control cells.

3. Results and Discussion {#sec3-polymers-12-01488}
=========================

3.1. Preparation and Characterization of the Fibers {#sec3dot1-polymers-12-01488}
---------------------------------------------------

In initial experiments, the conductivity and viscosity of polymer solutions for electrospinning containing PVA in water--ethanol solution (9:1) and various amounts of the thiosemicarbazone HapyTSCmB (*N*4-(*S*)-1-phenylethyl)-2-(pyridin-2-yl-ethylidene)hydrazine-1-carbothioamide, [Scheme 1](#polymers-12-01488-sch001){ref-type="scheme"}) were measured ([Figure 1](#polymers-12-01488-f001){ref-type="fig"}). The conductivity and viscosity of electrospinning polymer solutions have a strong impact on the morphology and diameter of PVA fibers \[[@B36-polymers-12-01488],[@B37-polymers-12-01488],[@B61-polymers-12-01488],[@B62-polymers-12-01488],[@B63-polymers-12-01488],[@B64-polymers-12-01488]\]. We found that adding 10 wt% of the TSC to the PVA solution caused a slight increase (approximately 6.5%) in conductivity and a significant decrease of about 83% in the viscosity ([Figure 1](#polymers-12-01488-f001){ref-type="fig"}). Compared to the pristine polymer solution (0.061 Pa s), the viscosity was 0.012 and 0.010 Pa s for 5 and 10 wt% respectively. The viscosity of the polymer solution ultimately determines the electrospinnability, and fiber diameters increase as the viscosity of a polymer solution increases. However, at concentrations beyond a certain limit, the viscosity of the solution becomes exceedingly high, disrupting the flow of the polymer solution through the capillary \[[@B37-polymers-12-01488],[@B61-polymers-12-01488],[@B65-polymers-12-01488]\]. Viscosity-reducing additives for reducing the diameter of electrospun fibers have been reported \[[@B66-polymers-12-01488],[@B67-polymers-12-01488],[@B68-polymers-12-01488]\]. It was found that the additive reduces the average chain length and thus reduces the viscosity of the polymer solution and thus the fiber diameter \[[@B66-polymers-12-01488]\]. In our experiments, the TSC turned out to be a viscosity-reducing additive in the PVA polymer solution.

Scanning electron microscopy (SEM) of the monolithic PVA, PVA/TSC5, and the core--shell PVA/TSC10-PVA fibers show a uniform and bead-free cylindrical shape and smooth surfaces ([Figure 2](#polymers-12-01488-f002){ref-type="fig"}). The calculated average size of the pure PVA fibers showed an average diameter of 489 ± 78 nm. The addition of TSC resulted in a slight decrease of the average diameter ([Figure 2](#polymers-12-01488-f002){ref-type="fig"}). Adding 5 wt% of TSC in the core and shell resulted in average diameters of 471 ± 75 nm, while adding 10 wt% in the core only results in average diameters of 469 ± 77 nm, which represents a decrease of approximately 4% compared with pristine PVA. The reduction in size is in line with the reduced viscosity of the spinning solution through the added TSC.

Seeking to confirm the core--shell character of the PVA/TSC10-PVA fibers, we tried TEM (transmission electron microscopy) but failed to resolve the core from the shell. This is not unexpected, since the chemical compositions of the core and shell are very similar.

We found characteristic endothermic and exothermic peaks ([Figure 3](#polymers-12-01488-f003){ref-type="fig"}) in the differential thermal analysis (DTA), thermogravimetry (TG), and derivative thermogravimetry (DTG) thermograms of the monolithic PVA and core--shell PVA/TSC10-PVA fibers. The data agree with literature data reporting three endothermic and one significant exothermic peak in the DTA curve of monolithic PVA \[[@B69-polymers-12-01488],[@B70-polymers-12-01488]\]. For both fibers, the first endothermic peaks were observed at 56 or 57 °C in the DTA. They are probably due to the evaporation of physically adsorbed water, with a mass loss of about 10% (TG/DTG). At the same time, reported values for the glass transition (*T~g~*) of PVA range from 34 to 85 °C \[[@B70-polymers-12-01488],[@B71-polymers-12-01488],[@B72-polymers-12-01488],[@B73-polymers-12-01488]\] and might overlap with the loss of water. Weaker endothermic peaks occurred at 185 °C for PVA, but at 193 °C for the core--shell fibers, both without mass loss. We assign them both to the melting transition (*T~m~*), the reported values for PVA are in the range from 180 to 240 °C depending on the degree of hydrolysis \[[@B51-polymers-12-01488],[@B70-polymers-12-01488],[@B71-polymers-12-01488],[@B72-polymers-12-01488],[@B73-polymers-12-01488]\]. The higher *T*~m~ for the core--shell fibers seems to be due to some re-enforcement of the fibers either through the TSC or the core--shell structure. For the core--shell fibers, a plateau followed, peaking at 228 °C, which might be due to the partial melting and evaporation of the TSC. Indeed, the DTA of the TSC ([Figure 3](#polymers-12-01488-f003){ref-type="fig"}c) shows endothermic peaks at 146 °C and 251 °C for melting (no mass loss) and evaporation (mass loss of 84%), respectively. Thus, the intense endothermic peaks found for the fibers at 316 and 320 °C were attributed to evaporation of the TSC from the fibers, probably overlapping with the decomposition of the side chain of the PVA polymer. Finally, the exothermic peak at 467 (PVA) and 497 °C (PVA-TSC10-PVA) appears not only at different temperature, but is also far more pronounced for the core--shell fibers than for the monolithic PVA. Again, we conclude some stabilization effect of residual TSC. This is supported from the observation that the evaporation of TSC (mass loss) from the fibers continues after 500° for the fibers ([Figure 3](#polymers-12-01488-f003){ref-type="fig"}b).

The TG and DTG curves confirmed that the DTA peaks at 56 and 57 °C with a mass loss of about 10% are due to the elimination of the physically adsorbed water. Significant weight loss of about 60% occurred at 319 and 324 °C, confirming the supposed side chain decomposition of PVA after melting. At the lower offset of this peak, the core--shell fibers lose some weight at around 230 °C in line with the assumed partial evaporation of the TSC. This process overlaps partially with the final weight loss at 429 and 445 °C of PVA and core--shell PVA/TSC10-PVA fibers, respectively, which are due to the decomposition of the PVA main chain \[[@B72-polymers-12-01488]\]. The overall mass losses accumulate to 91% for the monolithic PVA and 95% for the core--shell fibers. Summarizing, although the presence of the TSC modifies slightly the thermal properties on the core--shell fibers compared with the monolithic fibers, the interactions between PVA and the TSC are not very pronounced.

For electrospinning, a high voltage source generates an electric field between a droplet of the polymer solution and the collector plate \[[@B36-polymers-12-01488]\], and these high-energy conditions might damage materials \[[@B73-polymers-12-01488],[@B74-polymers-12-01488]\]. Therefore, the chemical integrity of PVA and HapyTSCmB after the electrospinning process was evaluated using NMR spectroscopy of dissolved fibers. The full ^1^H NMR spectrum of HapyTSCmB is shown in [Figure 4](#polymers-12-01488-f004){ref-type="fig"}a (data in the Materials and Methods section) alongside with spectra of PVA and the core--shell PVA/TSC10-PVA fibers dissolved in DMSO-d~6~.

The ^1^H NMR spectrum of dissolved PVA ([Figure 4](#polymers-12-01488-f004){ref-type="fig"}b) shows a signal triad at 4.66, 4.45, and 4.20 ppm assignable to the OH groups for iso-, hetero-, and atactic polymer branches, respectively \[[@B75-polymers-12-01488],[@B76-polymers-12-01488],[@B77-polymers-12-01488],[@B78-polymers-12-01488]\]. The multiplets observed at 3.83 ppm and 1.95 to 1.40 ppm are attributed to the CH and CH~2~, respectively \[[@B75-polymers-12-01488],[@B76-polymers-12-01488],[@B77-polymers-12-01488],[@B78-polymers-12-01488]\]. The large signals at 3.3 and 2.5 are due to H~2~O and DMSO-d~5~. In the ^1^H NMR spectrum of the PVA/TSC10-PVA fibers ([Figure 4](#polymers-12-01488-f004){ref-type="fig"}c), the characteristic resonances of the PVA polymer and the HapyTSCmB were found to be unchanged, confirming their chemical integrity and stability during the electrospinning process.

The ATR-FTIR spectra of all three fibers ([Figure 5](#polymers-12-01488-f005){ref-type="fig"}) showed large bands between 3600 and 3200 for all three samples. They can be assigned to the O--H stretching modes for the intermolecular and intramolecular hydrogen bonds in PVA ([Figure 5](#polymers-12-01488-f005){ref-type="fig"}a). Other bands characteristic for the electrospun PVA fibers were observed at 2940 cm^−1^ (asymmetric C--H stretching of the alkyl groups), 1731 cm^−1^ (C=O stretch), 1427 cm^−1^ (CH~2~ bending), and 1089 cm^−1^ (C--O--C bending) \[[@B76-polymers-12-01488],[@B77-polymers-12-01488],[@B78-polymers-12-01488],[@B79-polymers-12-01488]\]. Importantly, there were no marked differences between monolithic pure PVA and PVA/TSC fibers in this spectral range. For pure HapyTSCmB ([Figure 5](#polymers-12-01488-f005){ref-type="fig"}b), we observed a band at 794 cm^−1^ related to the C=S stretching mode \[[@B80-polymers-12-01488],[@B81-polymers-12-01488]\]. The intense band at 1527 cm^−1^ can be assigned to the vibration C=N group and the band at 3200 cm^−1^ can be assigned to N--H stretching vibrations \[[@B80-polymers-12-01488],[@B81-polymers-12-01488],[@B82-polymers-12-01488]\]. The monolithic PVA/TSC5 fibers showed the TSC-specific band of the C=N vibration at 1531 cm^−1^, while for the PVA/TSC10-PVA core--shell fibers, this band was not observed ([Figure 5](#polymers-12-01488-f005){ref-type="fig"}c). We explain this with the limited penetration depths of the method, which might not allow observing the TSC in the core of the PVA/TSC10-PVA core--shell material but only TSC molecules close to the surface of the monolithic fibers. The relative low intensity points to a homogeneous distribution of the TSC in the monolithic fibers and no accumulation on the surface. For the PVA/TSC10-PVA core--shell fibers, the missing band is a strong support for the assumed core--shell structure.

3.2. Release Studies {#sec3dot2-polymers-12-01488}
--------------------

The cumulative release of HapyTSCmB from the monolithic PVA/TSC5 and core--shell PVA/TSC10-PVA fiber mats into phosphate buffer solution (PBS, pH = 7.4) was studied during 390 min with a total release of about 38% and 33% release for PVA/TSC5 and PVA/TSC10-PVA, respectively ([Figure 6](#polymers-12-01488-f006){ref-type="fig"}) after 390 min. The release curves were fitted assuming an initial release phase from the beginning until about 60 min and a second release phase from 100 to 400 min. For the initial release of about 25--30%, which is rather a burst release \[[@B83-polymers-12-01488],[@B84-polymers-12-01488]\], the rate is slightly higher for the monolithic PVA/TSC5 (0.6 versus 0.5). For the slower and sustained release phase, no plateau is reached after 390 h, and now, the release rate for the core--shell PVA/TSC10-PVA fibers is slightly higher (0.0020 versus 0.0016).

In the beginning, the PVA shell slightly retarded the release from the core--shell fibers compared with the monolithic fibers, but the first values were not much smaller for the core--shell fibers, and although the initial release rate was high for the monolithic PVA/TSC5 fibers, it was not much higher than found for the core--shell fibers. In view of the rather hydrophobic nature of the TSC and the hydrophilic character of PVA, we assume that the pure PVA shell of the core--shell fibers dissolved more rapidly in the PBS solution than the TSC-containing PVA/TSC5 fibers. Thus, the release of TSC from the core--shell fibers occurred already after a short period of time. This behavior also points to a homogeneous distribution of the TSC in the monolithic PVA/TSC5 fibers. If the TSC molecules were segregated on the surface of the PVA/TSC5 fibers, their rather hydrophobic character would probably hamper the solubility of the fibers in the PBS solution. In this case, we would expect strongly retarded release in the beginning and a burst release to almost completeness within a short period of time. A homogeneous distribution of the TSC in the monolithic PVA/TSC5 fibers is in agreement with the observed sustained release of only 38% within 390 min.

Compared to the reported release of drugs from polymers with similar hydrophilic/hydrophobic character \[[@B45-polymers-12-01488],[@B46-polymers-12-01488],[@B53-polymers-12-01488],[@B54-polymers-12-01488],[@B55-polymers-12-01488],[@B56-polymers-12-01488],[@B57-polymers-12-01488]\], our release system combining a very hydrophobic drug (HapyTSCmB) with a very hydrophilic and water soluble polymer (PVA) is not very advanced, and the core--shell approach did not much improve the problem. Nevertheless, the release behavior of both materials might be suitable for potential medical applications, since the goal of shielding the TSC drug-containing core initially completely from the surrounding media with a PVA shell was achieved.

The release kinetics of HapyTSCmB from the PVA mats were studied fitting the experimental cumulative release data (*Q = m~t~/m~0~*) during the two release phases (phase I: from 0 to 60 min and phase II: from 100 to 400 min) to zero-order, first-order, Higuchi, and Korsmeyer--Peppas kinetic models. Then, the regression coefficients (*R^2^*) of different mathematical release models and the release exponent values *n* of the Korsmeyer--Peppas model were calculated from the model fitting on experimental release data ([Table 2](#polymers-12-01488-t002){ref-type="table"}).

The best fit was obtained using the Korsmeyer--Peppas equation $Q = K_{K}t^{n}$, which is applicable to cylindrical samples \[[@B85-polymers-12-01488]\] with *R^2^* values 0.99 and 0.98 in phase I and exponents *n* of 0.67 and 0.68 for PVA/TSC5 and PVA/TSC10-PVA, respectively ([Table 2](#polymers-12-01488-t002){ref-type="table"}). For phase II, *R^2^* values of 0.97 and 0.99 were obtained and exponents of 0.14 and 0.15 were obtained as well, respectively. Values for phase I lying between 0.45 and 0.89 indicate that the release of TSC from the PVA mats represents anomalous transport diffusion \[[@B83-polymers-12-01488],[@B84-polymers-12-01488],[@B85-polymers-12-01488],[@B86-polymers-12-01488],[@B87-polymers-12-01488]\], which is probably governed by a combination of TSC diffusion and the swelling of PVA fibers, which happened immediately upon contact with the buffer solution. In contrast to this, the *n* values in phase II are markedly lower than 0.45, which is consistent with a Fick-type diffusion mechanism \[[@B83-polymers-12-01488],[@B84-polymers-12-01488],[@B85-polymers-12-01488],[@B86-polymers-12-01488],[@B87-polymers-12-01488]\].

3.3. Growth Inhibition Studies--Minimal Inhibitory Concentration {#sec3dot3-polymers-12-01488}
----------------------------------------------------------------

*Staphylococcus aureus* bacteria are found on the skin and mucous membranes, and humans are the major reservoir for these organisms. It is a significant human pathogen that causes several diseases, including skin infections, scalded-skin syndrome, toxic shock syndrome, endocarditis, septic arthritis, and osteomyelitis. The treatment of *Staphylococcus aureus* infections depends largely on the type of infection as well as the presence or absence of drug-resistant strains.

Growth inhibition of the TSC against Gram-positive *Staphylococcus aureus* bacteria was screened in vitro at concentrations of 6.25--100 μg/mL using the agar well diffusion method ([Figure 7](#polymers-12-01488-f007){ref-type="fig"}) and a minimal inhibitory concentration (MIC) of 12.5 µg/mL was observed.

Thus, the HapyTSCmB showed good bacterial inhibitory property compared with other TSC compounds \[[@B59-polymers-12-01488],[@B80-polymers-12-01488],[@B81-polymers-12-01488],[@B82-polymers-12-01488]\]. For TSCs and their metal complexes, MIC values from 10 up to 600 μg/mL against *Staphylococcus aureus* were reported \[[@B88-polymers-12-01488],[@B89-polymers-12-01488],[@B90-polymers-12-01488]\]. A very low MIC of 1.5 μg/mL was reported for the copper complex of 1-phenyl-3-methyl-4-benzoyl-5-pyrazolone 4-ethyl-thiosemicarbazone \[[@B89-polymers-12-01488]\]. Accordingly, the HapyTSCmB ligand represents medium antibacterial properties within the class of TSC compounds.

The cell viability of fibroblast cells was examined from 12.5 up to the 50 μg/mL of HapyTSCmB, based on the results of antibacterial properties and the MIC value (12.5 μg/mL). The cell viability of fibroblasts after 24 h in all samples containing HapyTSCmB was only slightly decreased by 1.5% up to 3.5% when compared to control cells ([Figure 8](#polymers-12-01488-f008){ref-type="fig"}). HapyTSCmB seems to have no cytotoxic properties on fibroblast cells and therefore seems to be suitable for use in drug-releasing electrospun fiber mats to treat herpes simplex infection.

4. Conclusions {#sec4-polymers-12-01488}
==============

PVA electrospun fiber mats containing the thiosemicarbazone (TSC) *N*4-(S)-1-phenylethyl-2-(pyridin-2-ylethylidene)hydrazine-1-carbothioamide (HapyTSCmB) were fabricated using a coaxial electrospinning setup device. Using different TSC loads to the spinning solutions (0, 5, and 10 wt%), we prepared core--shell PVA/TSC10-PVA) fibers containing 10% TSC in the core and for comparison monolithic fibers from core and shell solutions containing each 5 wt% TSC (PVA/TSC5) alongside pure monolithic PVA fibers. All three samples showed uniform and bead-free fibers with a cylindrical shape, smooth surfaces, and approximately the same size in scanning electron microscopy (SEM). The average diameter of the core--shell PVA/TSC10-PVA fibers is only slightly decreased (approximately 4%) compared with the pure PVA fibers. Initial experiments showed that addition of 10 wt% TSC to the spinning PVA solution caused a slight increase (approximately 6.5%) in conductivity and a significant decrease of about 83% in viscosity. A reduction in fiber size is generally in line with the decrease in viscosity; however, we are amazed that the size reduction is that small. DTA, TG, and DTG of the fibers in comparison to TG/DTA of the bulk TSC show similar behavior for both fibers such as evaporation of humidity, glass transition (*T*~g~), melting (*T*~m~), evaporation of the TSC, decomposition of the polymer side chains, and finally decomposition of the main polymer chain with increasing temperature for both monolithic TSC-free fibers as for PVA/TSC-PVA core--shell fibers. *T*~g~, *T*~m~, and the decomposition *T* of the core--shell PVA/TSC10-PVA fibers were slightly elevated compared with pure monolithic PVA fibers, which is in line with a re-enforcement caused by the TSC. The ^1^H NMR spectroscopy of dissolved PVA/TSC10-PVA fibers showed that the chemical integrity of HapyTSCmB and PVA was preserved during the electrospinning process. The C=N vibration observed at 1531 cm^−1^ in the ATR-FTIR spectra of the TSC was not found for the core--shell PVA/TSC10-PVA fibers, confirming that the PVA/TSC core was completely covered by the PVA shell.

After an initial fast release of HapyTSCmB of about 25--30% in 60 min, a slow and sustained release is found in the next 330 min for both types of fibers with a further cumulative release of about 10%. Both materials are basically suitable for drug release from their overall release behavior when looking at the release rates. However, the core--shell PVA/TSC-PVA fibers showed not only a generally slower release, but they also benefit from the effective shielding of the core-contained TSC (drug) through the PVS shell. This underlines that the core--shell approach can improve the problem of very different hydrophilic/hydrophobic character for the drug and the polymer and the release behavior of both materials might be suitable for potential medical applications. Nevertheless, slightly less hydrophilic polymers such as poly caprolactone (PCL) and slightly less hydrophobic TSC derivatives might yield systems allowing for controlled release instead of the retarded release reported here.

Following the Korsmeyer--Peppas release model, which was suited best to fit the experimental data, the release exponent values *n* for Phase I lying between 0.43 and 0.89 indicate anomalous transport diffusion, resulting from a combination PVA shell dissolution, TSC diffusion, and swelling of the fibers, while the *n* values in phase II lower than 0.43 are consistent with a Fick-type diffusion mechanism.

HapyTSCmB induced inhibition zones against the Gram-positive *Staphilococcus aureus* bacterium at the lowest content concentration (MIC) of 12.5 μg/mL and thus good bacterial inhibitory properties compared with other thiosemicarbazones compounds. MTT-based cytotoxicity results showed that the cell viability of fibroblast cells at concentrations of HapyTSCmB varying from 12.5 to 50 µg/mL had little to no influence on the cell viability when compared to control cells. This makes this TSC suitable for medical purposes such as the treatment of bacterial diseases.
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![General synthesis of thiosemicarbazones (TSC) from thiosemicarbazides. Top right: the title TSC: *N*4-(*S*)-1-phenylethyl)-2-(pyridin-2-yl-ethylidene)hydrazine-1-carbothioamide (HapyTSCmB) with numbering.](polymers-12-01488-sch001){#polymers-12-01488-sch001}

![Preparation of HapyTSCmB loaded core--shell (PVA/TSC-PVA) and monolithic (mono-PVA/TSC) fibers with a coaxial electrospinning device. PVA: polyvinyl alcohol.](polymers-12-01488-sch002){#polymers-12-01488-sch002}

![Conductivity (**left**) and viscosity (**right**) of PVA/TSC (0%, 5%, and 10%) polymer solutions in water--ethanol (9:1).](polymers-12-01488-g001){#polymers-12-01488-f001}

![Scanning electron microscopy (SEM) of the monolithic PVA and PVA/TSC5, and the core--shell PVA/TSC10-PVA fibers (**left**) and their diameter distributions (**right**) with different TSC content (**a**) PVA, (**b**) PVA/TSC5, and (**c**) PVA/TSC10-PVA.](polymers-12-01488-g002){#polymers-12-01488-f002}

![Thermograms of the monolithic PVA and the core--shell PVA/TSC10-PVA fiber mats (**a**) differential thermal analysis (DTA), (**b**) thermogravimetry/derivative thermogravimetry (TG/DTG); (**c**) TG/DTA of pure TSC.](polymers-12-01488-g003){#polymers-12-01488-f003}

![300 MHz ^1^H NMR spectra of (**a**) HapyTSCmB, (**b**) PVA, and (**c**) PVA/TSC10-PVA fibers in dimethyl sulfoxide (DMSO-*d*~6~) solution.](polymers-12-01488-g004){#polymers-12-01488-f004}

![Normalized attenuated total reflection Fourier-transform infrared (ATR-FTIR) spectra of (**a**) monolithic PVA and PVA/TSC5 fiber mats. (**b**) HapyTSCmB, (**c**) monolithic PVA, PVA/TSC5, and core--shell PVA/TSC10-PVA fibers. The spectra were normalized based on the 1427 cm^−1^ CH~2~ bending vibration.](polymers-12-01488-g005){#polymers-12-01488-f005}

![Cumulative release percentage of HapyTSCmB from the monolithic PVA/TSC5 and core--shell PVA/TSC10-PVA fiber mats over a period of 390 min.](polymers-12-01488-g006){#polymers-12-01488-f006}

![Photographic images of HapyTSCmB's ability to inhibit the bacterial growth at concentrations of 6.25--100 μg/mL against *Staphylococcus aureus*.](polymers-12-01488-g007){#polymers-12-01488-f007}

![Cell viability of fibroplast cell incubated with increasing amounts of HapyTSCmB.](polymers-12-01488-g008){#polymers-12-01488-f008}

polymers-12-01488-t001_Table 1

###### 

Essential parameters for the fabrication of PVA and PVA/TSC fibers ^a^.

  Sample Code     Method ^b^             HapyTSCmB Content (wt% Relative to PVA)                         
  --------------- ---------------------- ----------------------------------------- ------- ------------- ------------
                                         core                                      shell   core          shell
  PVA             Method II/monolithic   0                                         0       PVA           PVA
  PVA/TSC5        Method II/monolithic   5                                         5       PVA/TSC-5%    PVA/TSC-5%
  PVA/TSC10-PVA   Method I/core-shell    10                                        0       PVA/TSC-10%   PVA

^a^ Feeding rates of all solutions: 0.3 mL/h. ^b^ See [Scheme 2](#polymers-12-01488-sch002){ref-type="scheme"}. ^c^ Assumed TSC content in the fibers.

polymers-12-01488-t002_Table 2

###### 

Calculated regression coefficients (*R*^2^) of different mathematical release models for the HapyTSCmB release kinetics from the PVA fiber mats ^a^.

  Sample          $\mathbf{{Zero}~{Order}~\mathbf{Q} = \mathbf{K}_{0}\mathbf{t}}$   $\mathbf{{First}~{Order}~\mathbf{Q} = 1 - \mathbf{e}^{- \mathbf{K}_{1}\mathbf{t}}}$   $\mathbf{{Higuchi}~\mathbf{Q} = \mathbf{K}_{\mathbf{H}}\mathbf{t}^{\frac{1}{2}}}$   $\mathbf{{Korsmeyer-Peppas}\mathbf{Q} = \mathbf{K}_{\mathbf{K}}\mathbf{t}^{\mathbf{n}}}$                        
  --------------- ----------------------------------------------------------------- ------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------ ------ ------ ------ ------
  PVA/TSC5        0.71                                                              0.85                                                                                  0.83                                                                                0.86                                                                                       0.98   0.88   0.99   0.97
  *n* = 0.67      *n* = 0.14                                                                                                                                                                                                                                                                                                                                                  
  PVA/TSC10-PVA   0.72                                                              0.96                                                                                  0.72                                                                                0.97                                                                                       0.98   0.98   0.98   0.99
  *n* = 0.68      *n* = 0.15                                                                                                                                                                                                                                                                                                                                                  

^a^*Q = m~t~/m*~0~ is the experimentally obtained fraction of total released TSC up to time (*t~i~*), *K* is the kinetic constant of each model, and *n* is the release exponent.
